Members of the transforming growth factor-b (TGF-b ) superfamily signal through their cognate receptors to determine cell phenotypes during embryogenesis. Our previous studies on the regulation of ®rst branchial arch morphogenesis have identi®ed critical components of a hierarchy of different TGF-b isoforms and their possible functions in regulating tooth and cartilage formation during mandibular morphogenesis. Here we tested the hypothesis that TGF-b type II receptor (TGF-b IIR) is a critical component in the TGF-b signaling pathway regulating tooth formation. To establish the precise location of TGF-b ligand and its cognate receptor, we ®rst performed detailed analyses of the localization of both TGF-b 2 and TGF-b IIR during initiation and subsequent morphogenesis of developing embryonic mouse tooth organs. A possible autocrine functional role for TGF-b and its cognate receptor (TGF-b IIR) was inferred due to the temporal and spatial localization patterns during the early inductive stages of tooth morphogenesis. Second, loss of function of TGF-b IIR in a mandibular explant culture model resulted in the acceleration of tooth formation to the cap stage while the mandibular explants in the control group only showed bud stage tooth formation. In addition, there was a signi®cant increase in odontogenic epithelial cell proliferation following TGF-b IIR abrogation. These results demonstrate, for the ®rst time, that abrogation of the TGF-b IIR stimulates embryonic tooth morphogenesis in culture and reverses the negative regulation of endogenous TGF-b signaling upon enamel organ epithelial cell proliferation. q
Introduction
Organ morphogenesis requires exact control of proliferation and differentiation of cells in a time and tissue speci®c manner. Members of the transforming growth factor-b (TGF-b ) superfamily mediate a wide range of biological activities, including cell differentiation, proliferation, extracellular matrix formation, and induction of homeobox genes. TGF-b ligand subtype expression is conspicuous in the craniofacial region during early mouse embryogenesis (Heine et al., 1987; Massague, 1990) . In particular, TGF-b subtypes are present during critical epithelial-mesenchymal interactions related to the formation of the tooth organ and Meckel's cartilage during mandibular morphogenesis (Hall, 1992) . Our previous studies have shown that TGF-b subtypes have speci®c functions during embryonic mouse ®rst branchial arch morphogenesis (Chai et al., 1994) .
To further understand how TGF-b signaling is regulated during mandibular morphogenesis the receptors for TGF-b were examined. Both TGF-b type I (IR) and type II (IIR) receptors are members of a transmembrane serine/threonine kinase family. TGF-b type III receptor (betaglycan) has a high binding af®nity for TGF-b isoforms and may be critical for presenting TGF-b at the cell surface to type I and II receptors, but it contains no intracellular signaling motifs Lopez-Casillas et al., 1993; Massague, 1998) . TGF-b ligands bind to the TGF-b type II receptor and trigger heterodimerization with TGF-b type I receptor (Derynck, 1994; Massague, 1996) . Following heterodimerization, the TGF-b IIR serine/threonine kinase transphosphorylates the type I receptor, resulting in the propagation of a phosphorylation signal to downstream substrates Smad2 and Smad3 (Wrana et al., 1994; Derynck and Zhang, 1996; Massague, 1998) . It has been proposed that different TGF-b responses may require different levels of signaling and thus are inhibited to varying degrees by a dominant-negative receptor effect (Feng et al., 1995; Massague, 1996) . Overwhelming evidence supports the notion that both TGF-b IR and TGF-b IIR are indispensable in eliciting TGF-b 's biological response (Wrana et al., 1992; Attisano et al., 1993) . Furthermore, recent studies have demonstrated the signi®cant biological function of TGF-b IIR in regulating TGF-b signaling. Antisera directed against a TGF-b IIR N-terminal peptide that perturbs TGF-b ligand-receptor binding increases lung branching by 70%. Addition of exogenous TGF-b 1 is unable to overcome the effects of either TGF-b IIR immunoperturbation or antisense oligodeoxynucleotide treatment on lung branching morphogenesis (Zhao et al., 1996) . Expression of a dominant-negative mutant TGF-b IIR in transgenic mice blocks signaling by TGF-b isoforms in pancreatic acinar cells, most probably by competing with the endogenous wildtype TGF-b IIR for complex formation (Bottinger et al., 1997) . Epithelium-speci®c adenoviral transfer of a dominant-negative mutant TGF-b IIR stimulates embryonic lung branching morphogenesis (Zhao et al., 1998) . Collectively, these studies demonstrate the crucial regulation and some of the important biological activities of TGF-b IIR in the TGF-b signal transduction pathway.
Herein, we have tested the hypothesis that TGF-b IIR functions as an endogenous regulator of tooth formation during mandibular morphogenesis in vitro. We devised two strategies to effectively inhibit TGF-b IIR function using either antisense oligodeoxynucleotides (ODN) or adenoviral transfer of a dominant-negative mutant TGF-b IIR. Our results indicated that TGF-b2 and its cognate receptor (TGF-b IIR) were expressed mainly in enamel organ epithelium, indicating a possible autocrine mechanism for TGF-b to act on its cognate receptor during the early inductive stage of tooth formation. Furthermore, abrogation of TGF-b IIR function increased the size and advanced the stage of tooth formation during mandibular morphogenesis. The size increase of tooth organ was mainly due to an increased proliferation within enamel organ epithelium in TGF-b IIR antisense ODN treated mandibular explants. These results provide the ®rst direct evidence that abrogation of TGF-b IIR function stimulates tooth morphogenesis, mainly through the release of endogenous negative modulation of enamel organ epithelial cell proliferation, indicating that endogenous TGF-b IIR signaling functions as a negative modulator during early stage tooth morphogenesis.
Results
2.1. TGF-b type II receptor is expressed during early mouse ®rst branchial arch morphogenesis TGF-b IIR mRNA was expressed as early as E8 when the ®rst branchial arch just began to form and continued to be expressed in E9, E10, E11, E12, E13, E14 mandibular explants and E11 mandibular explants cultured for 9 days in vitro (Fig. 1A) . In tandem with the expression pattern of TGF-b isoforms (Hall 1992; Chai et al., 1994) , TGF-b IIR may play important regulatory roles during early mandibular morphogenesis. b -actin was used as an internal positive control (Fig. 1B) . Competitive PCR showed that an equal amount of cDNA was added from each sample for the bactin ampli®cation (Fig. 1B) .
To investigate the mechanism through which TGF-b may interact with its cognate receptor, we performed immunohistochemistry on adjacent sections through the same tooth organ during early tooth morphogenesis in vitro. At E1112, the dental lamina invaginated into adjacent ectomesenchyme indicating the initiation of tooth formation. TGF-b 2 was present in the dental lamina epithelium, basement membrane, and adjacent dental mesenchyme ( Fig. 2A) . Through the same tooth organ, TGF-b IIR was localized essentially to the same location as its ligand on the adjacent section ( Fig. 2B) . At E11 1 4, both TGF-b 2 and TGF-b IIR were present in bud stage tooth epithelium and basement membrane (Fig. 2C,D) , while the odontogenic mesenchymal cells surrounding the tooth epithelium had light staining. By the end of 9 days in vitro, strong staining of TGF-b 2 and its receptor TGF-b IIR were present in enamel organ epithelium and basement membrane, while dental mesenchyme showed light staining (Fig. 2E,F) . In tandem, we have also performed immunohistochemistry on adjacent sections through the same tooth organ during early tooth morphogenesis in vivo. The in vivo localization pattern of both TGFb2 and TGF-b IIR were identical to the ones shown here as tooth development reached bud stage at E13. At E14, tooth development reached cap stage in vivo. The expression of TGF-b 2 and TGF-b IIR were mainly localized to enamel organ epithelium (Fig. 2G,H) . At E15, TGF-b 2 was still At E1112, TGF-b2 was present in the dental lamina (tb), basement membrane (bm) and adjacent mesenchymal cells (me). (B) TGF-b IIR was localized to identical locations comparing to its ligand at E1112. After 4 days in culture, TGF-b2 (C) and TGF-b IIR (D) were localized in enamel organ epithelium (tb), basement membrane and dental mesenchyme (me). By the end of 9 days, TGF-b2 (E) and TGF-b IIR (F) were present mainly in enamel organ epithelium, basement membrane and with light staining in mesenchyme. (G) At E14, in vivo samples showed that TGF-b2 was localized mainly in the enamel organ epithelium (arrow) with light staining in the mesenchyme. (H) TGF-b IIR was localized also in the enamel organ epithelium (arrow) and non-dental mesenchyme in this E14 mandibular tooth germ. Scale bar 50 mm. cated a possible autocrine mechanism for TGF-b ligand to interact with its cognate receptor in regulating early tooth morphogenesis.
2.2. TGF-b IIR mRNA measured by competitive RT-PCR was signi®cantly reduced in cultured mandibular explants in the presence of antisense oligodeoxynucleotides E11 mandibular explants were treated with TGF-b IIR antisense ODN for 9 days. Fifty nanograms of reverse-transcribed cDNA from each experimental group was then coampli®ed with 1.25 fg TGF-b IIR competitor cDNA in a competitive PCR assay. Our results showed that TGF-b IIR mRNA was signi®cantly diminished in the presence of 30 or 60 mM antisense ODN (Fig. 3A) . To control for potential variations due to the ef®ciency of RNA extraction and reverse transcription, b -actin mRNA was also quantitated in the same sample that TGF-b IIR mRNA was measured (Fig. 3A) .
Antisense TGF-b IIR ODN treatment resulted in a dosedependent decrease in TGF-b IIR mRNA expression compared to the results of scrambled ODN, sense ODN and media control. TGF-b IIR antisense ODN (20 mM) reduced TGF-b IIR mRNA by 50% compared to the media control, while the 20 mM scrambled ODN or sense ODN had no effect on TGF-b IIR mRNA expression (Fig.  3B) . Antisense ODN at 30 mM and 60 mM decreased TGFb IIR mRNA to 12 and 6% of the media control, respectively (P , 0:05). Meanwhile, scrambled ODN and sense ODN failed to reduce TGF-b mRNA level signi®cantly (Fig. 3B) . Collectively, antisense TGF-b IIR ODN decreased its mRNA level in mandibular explant cultures in a dose-dependent fashion.
2.3. Antisense oligodeoxynucleotides also signi®cantly decreased the TGF-b IIR protein level in cultured mandibular explants
Total protein was extracted from cultured mandibular explants treated with either antisense or sense, scrambled TGF-b IIR ODNs (30 mM). Seventy-®ve micrograms of total protein extracted from each sample was electrophoresed, transferred to membrane, and incubated with anti-TGF-b IIR antibody. TGF-b IIR protein was visualized using chemiluminescence and the protein bands were densitometrically scanned (Fig. 4A ). In the presence of 30 mM TGF-b IIR antisense ODN, the protein level was decreased to 25% of control (Fig. 4B) . Conversely, TGF-b IIR scrambled and sense ODN treated mandibular explants showed a protein level identical to that of the media control (Fig. 4B) . Thus, TGF-b IIR antisense ODN at 30 mM effectively blocked TGF-b IIR gene expression at both the mRNA and protein levels. This information provided supporting molecular evidence for analyzing morphological changes induced by the inhibition of TGF-b IIR signaling.
Advancement of tooth formation induced by inhibition of TGF-b IIR signaling during early mandibular morphogenesis
For histological analysis, the mandibular explant was serially-sectioned and stained with hematoxylin and eosin. Inhibiting TGF-b IIR with antisense ODN (30 mM) increased the size of tooth organ 3-fold, with an average tooth organ of 1:6 £ 10 5 mm 3 for the control and 5:7 £ 10 5 mm 3 for TGF-b IIR antisense treated (P , 0:05), and advanced tooth formation from bud to cap stage (Fig. 5B) in comparison with the controls (Fig. 5A ). The extent of advancement of tooth formation with the addition of TGFb IIR antisense ODN was further demonstrated with threedimensional reconstruction of serially-sectioned mandibular explants. As shown in Fig. 5D , the advancement of tooth formation with TGF-b IIR antisense ODN was not limited to a few sections, rather it was the entire tooth organ in comparison to the control (Fig. 5C ). Furthermore, co-treatment of mandibular explants with both exogenous TGF-b 2 and TGF-b IIR antisense ODN also resulted in the advancement of tooth formation (data not shown), indicating that TGF-b2 was unable to exert its inhibitory effect on enamel organ epithelium proliferation as demonstrated in our previous study (Chai et al., 1994) . These results further support the conclusion that abrogation of TGF-b IIR expression releases the negative regulation on tooth growth by endogenous TGF-b signaling system.
Abrogation of TGF-b IIR increased the proliferation of enamel organ epithelial cells
DNA synthesis was monitored in E11 mandibular explants cultured for 7 days in chemically-de®ned medium. Immunodetection of 5 H -bromo-2 H -deoxyuridine (BrdU) labeling of DNA was used to identify epithelial or mesenchymal cells engaged in DNA synthesis. As shown in Fig. 6 , E1117 mandibular explants treated with TGF-b IIR antisense ODN resulted in advancement of tooth formation with increased BrdU labeled enamel organ epithelial cells (Fig. 6B) in comparison with the control group (Fig. 6A) . Quantitation of the percentage of BrdU labeled cells showed that abrogation of TGF-b IIR signi®cantly (P , 0:05) increased DNA synthesis (by 50%, compared to the controls) within enamel organ epithelium ( Fig. 6C and Table 1A) . Meanwhile, the proliferation of mesenchymal cells adjacent to the tooth organ was also increased (Fig. 6D and Table 1B) . But the increase of BrdU labeled mesenchymal cells in TGFb IIR antisense treated group was not statistically signi®cant (P . 0:05) comparing to those cells in the control group. Therefore, the increase was probably not a direct effect of TGF-b IIR antisense treatment. This rationalization was further supported by the fact that there was very little localization of TGF-b2 or TGF-b IIR in these mesenchymal cells during the early stages of tooth formation (Fig. 2A±F) . It is conceivable that these mesenchymal cells increased the rate of proliferation as a secondary effect to accommodate the rapid proliferation of enamel organ epithelium which resulted directly from TGF-b IIR antisense ODN treatment.
Adenoviral transfer of a dominant-negative TGF-b IIR mutant stimulates tooth morphogenesis
Adenoviral vectors have been shown to be effective in penetrating epithelial cells and altering gene expression (Yamamoto et al., 1996; Serra et al., 1997; Zhao et al., 1998) . Here, an adenovirus expressing a truncated TGF-b IIR was examined for its effect on embryonic tooth formation during mandibular morphogenesis. The truncated TGFb IIR (AdIIR-DN) used herein had the cytoplasmic serine/ threonine kinase domain deleted, while retaining its capability to bind extracellular TGF-b ligands onto cell surface membranes, thus acting in a dominant-negative fashion (Zhao et al., 1998) . Incubation of mandibular explants with AdIIR-DN virus at a titer of 3:0 £ 10 9 pfu/ml advanced tooth formation to a cap stage (Fig. 7B ), compared to the control virus treated explants (Fig. 7A) .
To con®rm that TGF-b signaling was indeed abrogated by dominant-negative TGF-b IIR, E11 mandibular explants were treated with AdIIR-DN virus along with exogenous TGF-b 2. In the presence of adenovirus-mediated dominant-negative TGF-b IIR over-expression exogenous TGFb 2 failed to inhibit enamel organ epithelium proliferation (Fig. 7C) . Conversely, addition of exogenous TGF-b 2 resulted in a 3-fold reduction in the size of enamel organ epithelium in mandibular organ culture (Chai et al., 1994) . Thus, the AdIIR-DN-mediated stimulatory effect on tooth formation could not be reversed by addition of exogenous TGF-b 2.
Adenovirus-mediated over-expression of human truncated TGF-b IIR in cultured mandibles
Only mandibular explants incubated with AdIIR-DN, not control virus, expressed exogenous human dominant-negative TGF-b IIR mRNA (Fig. 8) , when human-speci®c PCR primers to the N-terminal region of TGF-b IIR cDNA were used [IIR (exo)]. To quantify the level of transgene overexpression, a set of primers common to both human and murine TGF-b IIR was designed to recognize identical sequences in their respective extracellular domains. As shown with competitive PCR in Fig. 8 , incubation of mandibular explants with AdIIR-DN resulted in a pfudependent induction of TGF-b IIR gene over-expression, while mandibular explants incubated with control virus at corresponding pfu titers yielded basal levels of endogenous TGF-b IIR mRNA expression [IIR (exo1end) ]. This induction was not observed when PCR primers speci®c for the intracellular kinase domain of human TGF-b IIR were used instead (data not shown), indicating that the outcome of AdIIR-DN infection was over-expression of a dominantnegative form, not wild-type TGF-b IIR. Furthermore, over-expression of the truncated TGF-b IIR transgene did not affect levels of endogenous wild-type murine TGF-b IIR mRNA expression in comparison with media and virus control (Fig. 8) , as measured by competitive PCR using a set of primers to amplify the kinase domain of murine TGF-b IIR expression [IIR (end), Zhao et al., 1998 ]. b -actin was used as an internal control. Competitive PCR showed that equal amount of cDNA was added from each sample for b-actin ampli®cation. involved in regulating early tooth formation is based on the proposition that the timing and position of expression imply function, and that the major function of TGF-b ligands is to regulate the proliferation of enamel organ epithelium during early tooth formation. Our previous study had shown that TGF-b2 regulated the size and stage of tooth formation in this serumless, chemically de®ned mandibular organ culture model (Chai et al., 1994) . In addition, TGF-b2 had also been shown to regulate epithelial differentiation of developing teeth and odontogenic tumors (Heikinheimo et al., 1993) . Studies on the localization of TGF-b type I and type II receptors in mouse development showed that TGFb IIR was associated with early enamel organ epithelium at E14 (Iseki et al., 1995) . The present study provides evidence that TGF-b IIR is present as early as E8 when the ®rst branchial arch just begins to form and continues to be present throughout the development of ®rst branchial arch both in vivo and in vitro. A detailed analysis on the expression of TGF-b 2 and TGF-b IIR indicates that they act through a possible autocrine mechanism in regulating early tooth formation in vitro. Furthermore, the in vivo spatial and temporal distribution of both TGF-b2 and TGF-b IIR during the early stages of tooth formation (until E14, cap stage) supports our in vitro observation that TGF-b and its cognate type II receptor may act through a possible autocrine mechanism in regulating early tooth formation.
Several lines of evidence are considered which support our hypothesis: (1) previous studies have shown that both TGF-b ligand and its cognate receptors are expressed in enamel organ epithelium during the early stage of tooth formation (Pelton et al., 1990; Iseki et al., 1995) ; (2) a number of endogenous growth factors including TGF-a , TGF-b s, BMP, EGF, or PDGF are expressed in odontogenic epithelium and/or dental mesenchyme prior to and during early mouse tooth formation (Kronmiller et al., 1991; Chai et al., 1994 Chai et al., , 1998 Thesleff and Sharpe, 1997; Jernvall et al., 1998) ; (3) underexpression of TGF-b 2 or EGF severely affected tooth morphogenesis, supporting the suggestion that endogenous growth factor(s) play critical roles in regu- (72) 11 (57) 11 (60) 33 (111) 24 (79) 15 (52) 2 18 (85) 14 (78) 12 (67) 29 (98) 21 (77) 21 (59) 3 18 (81) 11 (68) 17 (79) 30 (95) 31 (101) 24 (71) 4 18 (79) 8 (53) 12 (72) 36 (117) 24 (79) 18 (71) 5 23 (78) 13 (67) 11 (50) 30 (106) 24 (86) 17 (69) 6 15 (74) 9 (56) 10 (47) 30 (108) 20 (69) 21 (60) 7 11 (49) 9 (52) 9 (52) 29 (92) 24 (82) 18 (54) (62) 2 (55) 5 (55) 6 (63) 12 (75) 2 7 (66) 3 (77) 2 (45) 4 (62) 3 (61) 5 (76) 3 4 (62) 1 (65) 1 (56) 5 (63) 5 (61) 10 (87) 4 6 (81) 3 (50) 5 (71) 5 (68) 8 (69) 8 (78) 5 8 (80) 2 (49) 2 (50) 1 (64) 11 (74) 9 (63) 6 3 (70) 2 (58) 3 (49) 1 (67) 1 (58) 12 (82) 7 3 (61) 2 (66) 4 (46) 8 (54) 3 (63) a BK 1, 2, and 3 E1117 cultured mandibular explants 1, 2, and 3. b 5 H -bromo-2 H -deoxyuridine (BrdU) labeled cells and the total number of cells counted (in parentheses) within enamel organ epithelium. Three E1117 cultured mandibular explants were randomly chosen from each group. All sections contained tooth organs. Two adjacent sections were chosen with at least 40 mm distance between them to avoid the same cells being counted twice. TGF-b type II receptor antisense treatment substantially (P , 0:05) increased the percentage of BrdU-labeled cells within enamel organ epithelium.
c BrdU labeled cells and the total number of mesenchymal cells counted (in parentheses). Since the mesenchymal cells were not clearly de®ned as dentalmesenchyme at E1117, ®ve layers of mesenchymal cells from the basement membrane of the enamel organ epithelium were included in this cell count. lating tooth development (Kronmiller et al., 1991; Chai et al., 1994) ; and (4) abrogation of TGF-b IIR stimulates embryonic lung organogenesis in culture and reverses the negative in¯uence of endogenous TGF-b signaling upon epithelial cell cycle progression, indicating the important regulatory role of TGF-b IIR during embryogenesis (Zhao et al., 1996 (Zhao et al., , 1998 . Collectively, the results of our study and others support the conclusion that TGF-b and its cognate receptors play an important regulatory role during tooth formation.
TGF-b requires TGF-b IIR to regulate proliferation of enamel organ epithelium during tooth formation
Both TGF-b1 and TGF-b type II receptor knockout mice caused defects in the yolk sac hematopoiesis and vasculogenesis, resulting in an embryonic lethality at around 10.5 days of gestation (Dickson et al., 1995; Oshima et al., 1996) . Based on the co-localization of TGF-b and its cognate receptor TGF-b IIR during early tooth formation, we designed experiments to test the biological function of TGF-b IIR in the mandibular culture model. This in vitro approach provides us with the opportunity to selectively suppress the expression of TGF-b IIR during early tooth formation. Our results showed that both antisense ODN inhibition and adenoviral transfer of dominant-negative mutant TGF-b IIR accelerated tooth formation to the cap stage and enlarged the size of the tooth organ in vitro. Furthermore, exogenous TGF-b failed to exert its inhibitory effect on the proliferation of enamel organ epithelium in the presence of adenovirus-mediated dominant-negative TGFb IIR over-expression (Fig. 7C) . Collectively, these results indicate that TGF-b peptide signaling through the TGF-b IIR exerts negative control on the overall tooth growth during mandibular morphogenesis in culture. This negative regulation is released by abrogation of TGF-b IIR function using either antisense inhibition or adenoviral transfer of a dominant-negative mutant TGF-b IIR.
TGF-b ligands are presented to TGF-b IIR by the TGF-b type III receptor (TGF-b IIIR or betaglycan). The role of betaglycan as a facilitator of TGF-b binding to the signaling receptors is most evident with TGF-b 2, due to its much higher binding af®nity to TGF-b IIIR compared with either TGF-b 1 or b 3 (Lopez-Casillas et al., 1993; Massague, 1998) . Interestingly, the expression of betaglycan is highly con®ned within enamel organ epithelium during early tooth morphogenesis in vitro (unpublished data). It is therefore conceivable that betaglycan helps to concentrate TGF-b 2 at the cell surface within enamel organ epithelium and stabilizes TGF-b 2 in a conformation optimal for binding to the signaling TGF-b IIR and IR.
The events that transduce TGF-b signals start with type II receptor-mediated activation of the type I receptor in a heteromeric complex (Wrana et al., 1992; Franzen et al., 1993; Yamashita et al., 1994) . This receptor complex then phosphorylates and activates Smad proteins, which carry the signal to the nucleus and bind to DNA to regulate downstream gene expression (Massague, 1998; Derynck et al., 1998) . Overexpression of dominant-negative TGF-b IIR constructs can eliminate all TGF-b responses tested (Wieser et al., 1993; Brand and Schneider, 1995) and reverse the inhibitory effect of TGF-b on chondrocytes differentiation (Serra et al., 1997) or lung branching morphogenesis (Zhao et al., 1998) . The antisense oligodeoxynucleotide strategy used herein speci®cally and effectively abrogated TGF-b IIR gene expression both at the transcriptional and translational levels. Adenoviral transfer of a dominant-negative mutant TGF-b IIR with a deleted cytoplasmic kinase domain is incapable of signaling, while retaining the ability to bind and sequester extracellular TGF-b ligands on the cell surface. This experimental approach successfully blocked the inhibitory effect of TGF-b on the proliferation of enamel organ epithelium and resulted in the advancement of tooth formation from bud to cap stage, which was not reversed even with the addition of exogenous TGF-b (Fig. 7C) . Collectively, these studies demonstrate that abrogation of TGF-b IIR signaling appears to release negative regulation of the cell cycle by endogenous TGF-b peptide signaling. Moreover, endogenous TGF-b signaling through TGF-b IIR appears to exert opposite effects on enamel organ epithelium proliferation to those of EGF, FGF and PDGF-A signaling since each of these growth factors stimulate enamel organ epithelium proliferation (Kronmiller et al., 1991; Kettunen and Thesleff, 1998; Chai et al., 1998) . It is conceivable that TGF-b may act in concert with other growth factors to regulate the size and shape of tooth form during mandibular morphogenesis.
Materials and methods

Organ culture
Timed-pregnant Swiss-Webster mice were sacri®ced on postcoital day 11 (E11). E11 embryos (42±44 somite pairs) were staged according to the external developmental characteristics as described by Theiler (1989) . The ®rst branchial arch explants (eight per dish) were dissected and cultured for periods up to 9 days with serumless chemically-de®ned medium (BGJb medium, GIBCO BRL, Grand Island, New York) in a modi®ed Trowell culture system (Slavkin et al., 1989; Chai et al., 1994 Chai et al., , 1998 .
Immunohistochemistry
Mandibular explants were ®xed in Carnoy's ®xative solution for 3 h at 48C, dehydrated in 100% ethanol, cleared in xylene at room temperature, and embedded in paraf®n. Serial sections of 5 mm were cut and mounted onto slides coated with Histostick (Accurate Chemical and Scienti®c Co., Westbury, New York). In particular, adjacent sections through the same tooth organ were mounted onto the same slide with some of these sections stained with TGF-b 2 antibody (Rabbit polyclonal, Santa Cruz Biotech.) and the others stained with anti-TGF-b IIR (Rabbit polyclonal, UBI). Normal rabbit serum at a 1:200 dilution was used as negative control. Adult mouse lung was used as a positive control. A Histostain SP kit (Zymed, South San Francisco, CA) was used to carry out the immunohistochemistry analysis. Positive staining was indicated by orange-red coloration. The slides were counter-stained with hematoxylin.
Antisense experiments
TGF-b IIR antisense oligodeoxynucleotides (ODN) 5
H -CATGGCAGCCCCCGTC-3 H (16-mer) was synthesized based on the nucleotide sequence of murine TGF-b IIR cDNA sequence (Lawler et al., 1994) . The antisense ODN was designed to surround the type II receptor translation initiation site. Two same-length control ODNs (sense and scrambled) were also synthesized. The ®rst three and the last three bases in each ODN sequence were modi®ed by phosphorothioation to improve stability against nuclease degradation in culture. The ODNs were subsequently puri®ed by high performance liquid chromatography (HPLC) (USC Comprehensive Cancer Center, Los Angeles, CA). Antisense, sense, or scrambled ODNs were added to E11 mandibular explant cultures in aqueous solution to achieve a ®nal concentration of 20, 30 or 60 mM. A possible mechanism downregulating target transcripts is that antisense ODN-mRNA hybrids are better targets for nucleases and therefore more susceptible to message degradation (Wagner, 1994; Zhao et al., 1996 Zhao et al., , 1998 . The range of ODN concentrations used in this study was known to be effective in our organ culture system (Chai et al., 1994) . The ODN in fresh medium was replaced every other day. Each experimental group had three dishes and was processed for morphological analysis with light microscopy, 3-D reconstruction, competitive RT-PCR and Western analysis. The antisense experiment was repeated three times to con®rm the ®ndings.
Morphological, statistical and computer (3-D reconstruction) analysis
In order to evaluate the morphological effect induced by TGF-b IIR antisense treatment on tooth formation, the size of tooth organ was measured. Six mandibular explants from each treatment group (control, TGF-b IIR antisense, sense, or scrambled) were serially sectioned at 5 mm intervals and were processed for H and E staining. Each section of tooth organ was traced throughout the serial sections of mandibular explant. The volume of each tooth organ was determined by adding all the tooth bud area on each serial section and then multiplying by 5 mm to obtain the total volume of a tooth organ in mm 3 . Using Epistat Statistical Package, one-way, one-level analysis of variance (ANOVA) was applied to test for signi®cant changes in the size of tooth bud among control, TGF-b IIR antisense ODN, sense ODN and scrambled ODN treated groups. A difference was considered statistically signi®cant if the P value was less than 0.05 (P , 0:05) . To further analyze the size of tooth organ, the outlines on the adjacent serial sections of mandibular explant were traced using a Jandel digitizing tablet into the PC3D software program (Jandel Scienti®c, Sausalito, CA). Three-dimensional reconstructions were completed on an IBM PC-AT with a Cordata color monitor. The PC3D program provides the option of rotating each reconstruction around three axes (x, y and z) and the opportunity to view the entire tooth organ within the mandibular explant (Chai et al., 1993) .
Competitive PCR
A set of primers had been designed based on the murine TGF-b IIR cDNA sequence. TGF-b IIR cDNA was obtained by PCR ampli®cation from embryonic mandibles. The PCR product length was 505 bp. The TGF-b IIR competitor PCR product using the same set of primers was 600 bp in length. The procedure for b -actin competitive PCR was similar to that of TGF-b IIR. The competitive PCR technique is very sensitive and reliable in measuring changes in mRNA level from very small amounts of tissue (Zhao et al., 1996; Gattei et al., 1997) .
Western analysis
The total protein concentration in each mandibular sample was determined by comparing to BSA standards. Seventy-®ve micrograms of total protein from each sample was loaded in each well on a 12% polyacrylamide gel. Electrophoresis was carried out in a modular mini-Protean II electrophoresis system (Bio-Rad, Hercules, CA). Protein was then transferred to a Millipore Immobilon-P membrane by using a Bio-Rad mini-trans-blot electrophoretic transfer cell. Equal transfer ef®ciency was con®rmed by Coomassie blue stain of the membrane after Western blot. The antibody (rabbit polyclonal IgG) against TGF-b IIR was purchased from UBI (Lake Placid, NY). A ®nal concentration of 50 ng/ ml antibody was incubated with the membrane at 48C overnight. The TGF-b IIR antibody bound to a 70-kDa band on the membrane. This band was diminished and its intensity greatly reduced by pre-adsorption of the antibody with an excess amount of control antigen peptide (data not shown). Bovine serum albumin was also used as a negative control and was not recognized by TGF-b IIR antibody.
Construction and application of recombinant adenovirus
Recombinant adenovector construction has been previously described (Bett et al., 1994; Zhao et al., 1998) . C-terminal truncated dominant-negative TGF-b IIR cDNA was cloned into a shuttle vector containing the human CMV promoter and the E1 region of the human type 5 adenovirus genome. The recombinant adenovirus was then generated by homologous recombination after co-transfection with a shuttle vector and a virus-rescuing vector. The presence of cDNA in the viral genome was veri®ed by restrictionenzyme digestion and Southern hybridization. High titer of the above viruses was obtained after expansion as described (Graham and Prevec, 1990) . Viruses were puri®ed by CsCl gradient centrifugation and PD-10 Sephadex chromatography. Puri®ed virus was titered in 293 cells, aliquoted in PBS/10% glycerol and stored at 2808C until use. Recombinant adenovirus was diluted to desirable concentrations (3:0 £ 10 9 pfu/ml and 1:5 £ 10 8 pfu/ml) with organ-culture medium. Mandibular explants were incubated in medium containing adenovirus for 60 min, followed by incubation with normal organ culture medium.
Evaluation of DNA synthesis activity during early tooth morphogenesis
DNA synthesis activity was monitored in E11 1 7 mandibular explants using BrdU (Sigma) at 100 mM in serumless chemically-de®ned medium for 2 h at 378C. Mandibular explants were placed in tissue culture dish with either control medium or medium plus TGF-b IIR antisense ODN. After 2 h culture with BrdU, the mandibular explants were harvested and ®xed for immunostaining (Chai et al., 1998) . BrdU labeled cells, the total number of cells within the enamel organ epithelium of a tooth bud and the total number of mesenchymal cells within ®ve layers from the basement membrane of enamel tooth organ were counted from seven randomly selected sections per mandibular explant. Three mandibular explants were evaluated from each experimental group.
